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Abstract. We use Magnetosphere Multiscale (MMS) mis-
sion data to investigate a small number of magnetosheath
jets, which are localized and transient increases in dynamic
pressure, typically due to a combined increase in plasma
velocity and density. For two approximately hour-long in-
tervals in November, 2015 we found six jets, which are of
two distinct types. (a) Two of the jets are associated with
the magnetic field discontinuities at the boundary between
the quasi-parallel and quasi-perpendicular magnetosheath.
Straddling the boundary, the leading part of these jets con-
tains an ion population similar to the quasi-parallel magne-
tosheath, while the trailing part contains ion populations sim-
ilar to the quasi-perpendicular magnetosheath. Both popula-
tions are, however, cooler than the surrounding ion popula-
tions. These two jets also have clear increases in plasma den-
sity and magnetic field strength, correlated with a velocity
increase. (b) Three of the jets are found embedded within the
quasi-parallel magnetosheath. They contain ion populations
similar to the surrounding quasi-parallel magnetosheath, but
with a lower temperature. Out of these three jets, two have a
simple structure. For these two jets, the increases in density
and magnetic field strength are correlated with the dynamic
pressure increases. The other jet has a more complicated
structure, and no clear correlations between density, mag-
netic field strength and dynamic pressure. This jet has likely
interacted with the magnetosphere, and contains ions similar
to the jets inside the quasi-parallel magnetosheath, but shows
signs of adiabatic heating. All jets are associated with emis-
sions of whistler, lower hybrid, and broadband electrostatic
waves, as well as approximately 10 s period electromagnetic
waves with a compressional component. The latter have a
Poynting flux of up to 40 µW m−2 and may be energetically
important for the evolution of the jets, depending on the wave
excitation mechanism. Only one of the jets is likely to have
modified the surrounding magnetic field into a stretched con-
figuration, as has recently been reported in other studies.
None of the jets are associated with clear signatures of either
magnetic or thermal pressure gradient forces acting on them.
The different properties of the two types also point to differ-
ent generation mechanisms, which are discussed here. Their
different properties and origins suggest that the two types of
jets need to be separated in future statistical and simulation
studies.
Keywords. Magnetospheric physics (magnetosheath;
plasma waves and instabilities; solar wind–magnetosphere
interactions)
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1 Introduction
Small-scale, transient increases in magnetosheath dynamic
pressure have recently attracted increased attention (e.g.
Němeček et al., 1998; Savin et al., 2008; Hietala et al., 2009;
Archer et al., 2012; Plaschke et al., 2013). They have gone
under a number of different denominations, here we will call
them “magnetosheath jets”, or sometimes simply “jets”.
Magnetosheath jets can be an important factor in the solar
wind–magnetosphere interaction, since their increased mo-
mentum may cause the magnetosphere to deform locally
when it is impacted by the jets (Shue et al., 2009; Amata
et al., 2011). Such deformations can launch surface waves
(Dmitriev and Suvorova, 2012; Archer et al., 2012) or com-
pressional waves (Plaschke et al., 2009; Archer et al., 2013a,
b), initiate ionospheric flow enhancements (Hietala et al.,
2012), trigger local reconnection (Hietala et al., 2018), or
lead to direct penetration of plasma into the magnetosphere
(Gunell et al., 2012; Karlsson et al., 2012; Savin et al., 2012;
Dmitriev and Suvorova, 2015). Furthermore, a type of day-
side auroral form, the “throat” aurora, has recently been sug-
gested to be a direct consequence of magnetosheath jets in-
teracting with the magnetopause (Han et al., 2017). Plaschke
et al. (2016) have recently estimated that jet impact on the
magnetopause should be very common, with jets larger than
2 RE (Earth radii) impacting 3–9 times an hour, depending
on the interplanetary magnetic field (IMF) direction.
Several different definitions of magnetosheath jets have
been used in earlier studies. Either the dynamic pressure is
required to be larger than some value related to the back-
ground magnetosheath, often defined by a running aver-
age (e.g Archer and Horbury, 2013; Karlsson et al., 2015b;
Gunell et al., 2014; Gutynska et al., 2015), or to exceed
some value related to the solar wind dynamic pressure (e.g.
Amata et al., 2011; Hietala et al., 2012; Plaschke et al.,
2013; Dmitriev and Suvorova, 2015). The increase in dy-
namic pressure of the magnetosheath jets is due to either
an increase in flow velocity (Archer et al., 2012; Plaschke
et al., 2013), in density (Savin et al., 2008; Archer and Hor-
bury, 2013; Karlsson et al., 2012, 2015b), or in both (Amata
et al., 2011; Archer and Horbury, 2013; Plaschke et al., 2013;
Karlsson et al., 2015b).
The properties of magnetosheath jets have been studied
both on a case study basis and statistically, and some of their
properties have begun to be determined. Their scale sizes are
of the order of 1 RE (e.g. Savin et al., 2008; Archer et al.,
2012; Hietala et al., 2012), with comparable dimensions par-
allel and perpendicular to the propagation velocity (Plaschke
et al., 2016). Some jets are reported to be associated with
an increase in the magnetic field strength, but not all (e.g.
Němeček et al., 1998; Savin et al., 2008; Hietala et al., 2009,
2012). In this context it should be mentioned that so-called
paramagnetic plasmoids (which are always associated with
an increased magnetic field strength) are localized density
enhancements (> 50 %), often associated with an increased
velocity, and are likely to be closely related to magnetosheath
jets (Karlsson et al., 2015b).
Magnetosheath jets and plasmoids may be associated with
plasma wave emission, similar to what has been found for
fast flows in the magnetotail (e.g. Chaston et al., 2012; Er-
gun et al., 2015; Stawarz et al., 2015). So far this has only
been studied by Gunell et al. (2014), who report that jets
are associated with increased amplitudes of lower hybrid and
electron whistler waves.
In two large statistical investigations Archer and Horbury
(2013) show that jets with a density increase larger than
about 40 % are also associated with a magnetic field increase,
while Plaschke et al. (2013) report on a distribution of mag-
netic field changes. This distribution ranges from magnetic
field decreases to increases, but with a maximal probability
for a small increase. Magnetosheath jets are also generally
reported to be associated with a lower ion temperature than
that of the surrounding magnetosheath plasma, usually with
a very low temperature anisotropy (Shue et al., 2009; Archer
et al., 2012; Dmitriev and Suvorova, 2012; Archer and Hor-
bury, 2013; Plaschke et al., 2013).
Magnetosheath jets are most commonly observed down-
stream of the quasi-parallel bow shock, and the upstream
IMF is steady for a large majority of the jets (Archer and
Horbury, 2013; Plaschke et al., 2013). However, a minority
of jets are related to IMF discontinuities (Archer et al., 2012;
Dmitriev and Suvorova, 2012).
Several theories for the formation of magnetosheath jets
have been considered, but presently interest is focussed on
two main mechanisms. Based on the observation that some
jets are associated with IMF discontinuities, Archer et al.
(2012) suggested that the interaction of solar wind discon-
tinuities with the bow shock was responsible for the jet for-
mation. This was further based on simulations by Lin et al.
(1996b), who showed that discontinuity–bow shock interac-
tion resulted in highly stretched magnetic field lines, which
can accelerate the plasma after it has crossed the bow shock.
The largest acceleration was found to occur for discontinu-
ities associated with changes from a quasi-parallel to a quasi-
perpendicular bow shock, or vice versa. The limited scale
sizes of the jets were speculated to result from some type
of interaction between the discontinuity and either the quasi-
parallel bow shock or the foreshock plasma upstream of it
(Archer et al., 2012).
The second main theory was suggested by Hietala et al.
(2009) and Hietala and Plaschke (2013) and was based on the
observation that the majority of jets occur behind the quasi-
parallel bow shock. They suggested that jets can form as the
solar wind interacts with the rippled bow shock associated
with the quasi-parallel configuration. When the solar wind
encounters a locally inclined part of the shock, the Rankine–
Hugoniot jump conditions (e.g. Baumjohann and Treumann,
2012) allow it to cross the shock without much change in ve-
locity. The plasma will still be compressed, and this results in
a dynamic pressure downstream of the shock that can even be
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larger than the upstream value. The scale size of the jet is de-
termined by the scale of the bow-shock rippling, which was
suggested to be related to the phenomenon of a short large-
amplitude magnetic field structure (SLAMS), which has di-
mensions of the order of 1 RE (Schwartz and Burgess, 1991).
While jets have been studied for close to 20 years, many
of their detailed properties are not well established, and are
based on relatively few case studies. We will here revisit
some of these properties by using data from the state-of-
the-art instruments of the Magnetospheric Multiscale (MMS)
mission. Recently Plaschke et al. (2017) studied the small-
scale internal structure of a magnetosheath jet, using high-
time-resolution MMS observations. We will instead investi-
gate the large- and meso-scale properties of a small number
of jets, what we may call the anatomy of the jets, with par-
ticular emphasis on how these properties relate to the main
theories of formation described above.
We will present the data in Sects. 2 and 3. The interpre-
tation and discussion will take place in Sect. 4. Section 5
contains a summary and conclusions.
2 MMS data
The four spacecraft of the MMS mission (Burch et al.,
2016; Fuselier et al., 2016) were successfully launched on
12 March 2015 with an inclination of 28◦, and science op-
erations began in September 2015. During Science Phase
1a (September 2015–February 2016) the apogee was 12 RE,
and an appreciable part of the orbit was spent in the magne-
tosheath, since the position of the magnetopause (which was
the main region of interest) varies considerably with the so-
lar wind pressure. The spacecraft separation close to apogee
in November 2015, where the data from this study are from,
typically varied between 10 and 20 km, with the satellites in
a tetrahedron configuration.
The MMS spacecraft are equipped with an extensive suite
of state-of-the-art instruments (Baker et al., 2016; Torbert
et al., 2016). From the electric-field double probe (EDP) in-
strument (Lindqvist et al., 2016; Ergun et al., 2016), we use
fast survey mode electric field data, where the full electric
field vector is sampled at 32 s−1, and on-board spectrograms
sampled at 0.5 s−1. From the fluxgate magnetometer (FGM)
instrument (Russell et al., 2016) we use Slow survey mode
magnetic field data (8 s−1), from the search coil magnetome-
ter (SCM) (Le Contel et al., 2016) the on-board magnetic
field spectrograms (0.5 s−1), and from the fast plasma inves-
tigation (FPI) (Pollock et al., 2016) fast survey ion and elec-
tron moments, and ion distributions (0.22 s−1).
Due to the small separation of the MMS spacecraft com-
pared to the phenomena studied here, we mainly use data
from MMS1, except for the calculation of the current density
and thermal pressure gradients, where multi-spacecraft meth-
ods are used. All vector quantities and positions are given in
the geocentric solar ecliptic (GSE) coordinate system.
3 Observations
We will investigate two approximately hour-long intervals in
November 2015, each containing three magnetosheath jets.
3.1 Overview, 14 November 2015
Figure 1a shows an overview of MMS1 observations on 14
November 2015 00:00–18:00 UT. After several full and par-
tial magnetopause crossings, the spacecraft finally passed
into the magnetosheath, close to the subsolar point, at around
03:17 UT. It then spent several hours in the magnetosheath
(with a brief excursion into the magnetosphere at around
12:36 UT), until reentering the magnetosphere at 14:27 UT.
Between approximately 07:40 and 11:00 UT several time pe-
riods with a widening of the ion energy distributions, typical
for the magnetosheath behind the quasi-parallel bow shock
(Fuselier et al., 1991; Chang et al., 2000) were observed. As
a general tendency these regions have a larger level of fluc-
tuations of the dynamic pressure, and in particular there are
several instances of large, isolated increases in the dynamic
pressure Pdyn =mpniv2i between 09:40 and 10:10 UT (see
panel a4). (Here mp is the proton mass, ni the ion number
density, and vi the ion velocity.)
In Fig 1b we show MMS1 observations from the time
interval 09:30–10:20 UT in more detail. We have also in-
cluded the magnetic field and associated cone angle (defined
as the angle between the direction of IMF and the Sun–
Earth line) observed by THEMIS B (panels b6–b7), which
was situated in the solar wind at rGSE= (53, 30, 5) RE. Us-
ing the THEMIS solar wind velocity in the GSE x direc-
tion of 425 km s−1 yields a travel time of around 10 min
to the bow shock nose. To this should be added a 2–4 min
for propagation through the magnetosheath to MMS1. There
are large uncertainties to this estimate, due to the offset
of THEMIS B from the Sun–Earth line, and due to the
varying directions of normals to solar wind discontinuities
(Mailyan et al., 2008). We have instead manually shifted
the THEMIS data by 21 min. This results in a good cor-
relation with the MMS1 data. In particular the discontinu-
ities observed by THEMIS B at 09:36:50, 09:50:40, and
10:01–10:05 UT line up well with similar structures in the
MMS1 magnetic field data. Furthermore, between 09:36:50
and 10:01 UT the generally smaller IMF cone angle coin-
cides well with a region of suprathermal broadening of the
ion energies (panel b8). We will refer to such regions of the
magnetosheath as “the quasi-parallel magnetosheath”, and
all other regions as “the quasi-perpendicular magnetosheath”
(Fuselier, 1994). The depression of the quasi-parallel magne-
tosheath magnetic field strength here may indicate that this
region is an example of a so-called magnetosheath cavity
(Katırcıoglu et al., 2009). Note that since the MMS obser-
vations take place so close to the Sun–Earth line, we can
take the cone angle as a proxy for the angle between the bow
shock normal upstream of the spacecraft and the IMF.
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Figure 1. (a) Overview of MMS1 measurements in the magnetosheath on 14 November 2015. From top to bottom is shown magnetic field
B, ion velocity vi, ion and electron density (ni and ne), dynamic pressure Pdyn, and omnidirectional ion and electron differential energy flux.
(b) From top to bottom: Pdyn (with three localized increases indicated), vi and |vi|, ni, B, |B|, THEMIS B magnetic field (shifted by 21 min),
THEMIS B magnetic field cone angle, omnidirectional ion differential energy flux, ion and parallel and perpendicular ion temperatures (Ti⊥,
Ti‖), and ion temperature anisotropy (Ti⊥/Ti‖).
During the time interval shown in Fig. 1b, there are
three distinct increases in the dynamic pressure (marked
1–3), which were observed by MMS1 at a position of
rGSE = (11.8, 0.9, −0.8) RE. In panel (b1) a manually de-
termined background level of Pdyn = 0.36 nPa is indicated.
All three enhancements in Pdyn fulfill the magnetosheath jet
threshold criterion of twice the background dynamic pressure
of Archer and Horbury (2013). We have indicated the extent
of the jets with vertical lines, where the jets are defined as
regions where this criterion is fulfilled, neglecting small ex-
cursions below the threshold. Structures 1 and 2 also fulfill
the criterion of Archer et al. (2012) of a minimum increase
in Pdyn of 1.5 nPa. We will from now on call these structures
“(magnetosheath) jets no. 1–3”. Below we will investigate
their properties in detail.
3.1.1 Velocity and plasma properties
Jets no. 1 and 2 have a clear increase in the x component of
the plasma flow velocity, resulting in a velocity more oriented
along the Sun–Earth line than the background magnetosheath
flow. This is a typical property of jets in the subsolar magne-
tosheath (Gunell et al., 2012; Karlsson et al., 2012; Hietala
et al., 2012; Archer and Horbury, 2013; Hietala and Plaschke,
2013; Plaschke et al., 2013). In Fig. 2 we have used the ve-
locities of these two jets (determined as an average over a
small region around the maximum dynamic pressure of the
structure) to back-trace the position at the bow shock from
which we assume that the jets have emanated. (Here we as-
sume that the flow velocity is constant during their motion
across the magnetosheath.) As expected, the jets are seen to
originate from close to the subsolar bow shock. However, jet
no. 3 has a much smaller x component of the velocity, and
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Figure 2. Back-tracking of jets no. 1 and 2 from their point of obser-
vations in the GSE x–y plane (filled black circle) to the model bow
shock, assuming a constant propagation velocity. For jet no. 3, we
back-track for an arbitrary time interval of 1 min. The dotted line
shows the direction of the background magnetosheath flow. Also
shown are the model magnetopause and bow shock locations (Chao
et al., 2002).
Figure 3. Relative contribution of the density changes 1ρrel =





versus change in dynamic pressure (all quantities normalized to
their background value). Black (white) data points are from jet no. 1
(jet no. 2), from the interval indicated in Fig. 1.
is moving almost exclusively in the y direction. We find it
probable that this jet has interacted with the magnetopause,
similar to what has been reported by Shue et al. (2009) and
Amata et al. (2011). An alternative interpretation is that the
flows associated with jet no. 3 are due to a stirring of the
background magnetosheath plasma by jet no. 2, as reported
by Plaschke et al. (2017). This is, however, unlikely since the
temperature of jet no. 3 is much lower than the surrounding
magnetosheath plasma, and the density is higher. These are
signatures of a jet, rather than of a stirred background plasma.
All three jets are associated with density enhancements
of over 50 %, and therefore also fulfill the plasmoid crite-
rion used by Karlsson et al. (2012, 2015b). Jets no. 1 and 2
would be classified as “fast plasmoids” in the terminology of
those studies. Regarding the relative contribution of density
and velocity increases to the dynamic pressure increase, jets
no. 1 and 2 show somewhat different behaviours. In Fig. 3 is
plotted the relative contribution of the density changes from
the background value 1ρrel =1ρ/ρBG and changes in the




i,BG (where ρ =mpni, and
both quantities are normalized to their respective background
values), as a function of the relative change in dynamic
pressure 1Pdyn, rel =1Pdyn/Pdyn,BG. Archer and Horbury
(2013) have shown that there is a continuous distribution in
the relative importance of the two factors, taken over a large
sample of jet data points. Jet no. 1 shows a relatively constant
ratio of 1v2i, rel to 1ρrel over the whole event. For jet no. 2
there is larger spread, with the dynamic pressure change be-
ing generally more velocity-driven, and with a systematically
larger velocity contribution for the higher dynamic pressures
within the jet.
Figure 4 shows ion distribution functions in the planes
formed by the direction of the local values of magnetic field
B, E×B, and E⊥ (where E is the electric field and⊥ refers
to the projection perpendicular to B). Shown are distribution
function from within jets no. 1–3, and for reference distri-
bution functions from quasi-parallel and quasi-perpendicular
magnetosheath regions without any jets.
For jet no. 1 the ion distribution is very similar to the distri-
bution for the general quasi-parallel magnetosheath, in that it
is quite isotropic (although with a lower temperature, as can
be verified by the temperatures in Fig. 1). The whole distri-
bution has a displacement from the origin, which indicates a
fluid velocity of the jet at an angle to the magnetic field of
around 45◦.
For jet no. 2, the situation is more complicated. Being
collocated with the magnetic field discontinuity marking the
transition from a quasi-parallel to a quasi-perpendicular mag-
netosheath configuration, it contains two types of ion popu-
lations. At the leading edge of the jet, a distribution function
from approximately 10:00:49 UTC is shown in Fig. 4b. The
distribution is similar to those of panels (a) and (e) in that it is
relatively isotropic. At a later time (approx. 10:01:38 UTC)
a distribution closer to the trailing part of jet no. 2 is shown
in panel (c). The ion distribution is here more anisotropic,
and similar to the distribution from the quasi-perpendicular
magnetosheath, as shown in panel (f), with an added average
or fluid velocity with a similar direction and size as that of
panel (b). Figure 1 also shows that the plasma inside the jet
www.ann-geophys.net/36/655/2018/ Ann. Geophys., 36, 655–677, 2018
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(a) Jet 1 
(b) Jet 2 






















































































































Figure 4. Ion distribution functions in the planes formed by the direction of the local magnetic field B, and E×B and E⊥, respectively.
Distributions are shown for jets no. 1–3, and from the quasi-parallel and quasi-perpendicular magnetosheath outside of jet events.
is colder than the surrounding plasma, at both the leading and
the trailing edge.
Finally, jet no. 3 is associated with an ion distribution with
has a lower temperature than that of the surrounding quasi-
perpendicular magnetosheath. It also has a clear temperature
anisotropy, which, however, is smaller than that of the sur-
rounding plasma.
3.1.2 Magnetic field configuration
Recently both observations and simulations have shown that
the magnetosheath jets may be related to a local deforma-
tion or stretching of the magnetic field (Plaschke et al., 2017;
Karimabadi et al., 2014). Strongly curved magnetic field
lines could be associated with magnetic forces accelerating
or braking the jets, as they propagate in the magnetosheath.
The magnetic field configuration could also have an effect on
the interaction of the jet with the magnetopause. In Fig. 5 we
investigate the magnetic field configuration of the jets under
study here. Apart from the dynamic pressure and ion veloc-
ity, we show the ratio between the perpendicular to parallel
ion velocity. Here the directions are relative to the magnetic
field, and both the velocity ratio and the magnetic field are
smoothed with a 120 s window in order to remove small-
scale variability, waves and turbulence. (The 120 s window
was chosen by trial and error to bring out the large-scale vari-
ations that can be discerned in Fig. 5d and f, as well as con-
sidering the typical periods of up to 40 s of waves generated
in the foreshock, e.g. Eastwood et al., 2005; Archer et al.,
2012. This is also similar to the 60 s window used by Archer
and Horbury, 2013 with the same motivation.) We also show
the magnetic field components and magnitude, both with and
without application of a smoothing window.
While the ion velocity is consistently perpendicular to B
before the observations in the quasi-parallel magnetosheath,
and more parallel to it afterwards, within the quasi-parallel
magnetosheath there is a large variability in the velocity ratio,
with no clear correlation to variations in Pdyn.
Jet no. 2 is clearly associated with a magnetic field dis-
continuity apparent in the rapid change of By (most clearly
seen in Fig. 5e). Most of the change is associated with the
leading edge of the jet, which also marks the end of the
isotropic, suprathermal plasma population. For jet no. 3 no
apparent magnetic field discontinuity can be identified, while
for no. 1 the situation is more unclear. There are several rel-
atively sharp changes in the magnetic field, but it is difficult
to unambiguously relate any of them to the jet.
Jets no. 2 and 3 show rather clear increases in |B| cor-
related with the increases in Pdyn, as reported for some jets
by Archer and Horbury (2013) and Plaschke et al. (2013), as
well as for fast plasmoids by Karlsson et al. (2015b). For jet
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Figure 5. Magnetic field configuration. From top to bottom: dynamic pressure, ion velocity, ratio of perpendicular velocity to absolute
velocity, magnetic field, magnetic field smoothed with a 120 s window, magnitude of magnetic field, and magnitude of magnetic field
smoothed with a 120 s window.
no. 1 no clear increase in the magnetic field strength can be
seen, although larger-amplitude, low-frequency wave activity
is observed (panels d and f). This will be discussed below.
3.1.3 Waves
The quasi-parallel magnetosheath typically exhibits large-
amplitude, low-frequency waves, that may originate either
from the upstream solar wind and foreshock, or from local
instabilities (e.g. Lucek et al., 2005, and references therein).
In this section we will investigate wave emissions associated
with the jets in the frequency range of 0.05 Hz–30 kHz, and
compare them to the general wave activity in the surrounding
magnetosheath.
Figure 6b and c show MMS1 medium-frequency power
spectral density (PSD) from the on-board spectrograms,
summed over all three components for both E and B (re-
www.ann-geophys.net/36/655/2018/ Ann. Geophys., 36, 655–677, 2018
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Figure 6. High- and medium-frequency wave activity. From top to bottom: dynamic pressure, on-board omnidirectional electric and mag-
netic field power spectral density (with the electron cyclotron frequency indicated by the white line), omnidirectional electric and magnetic
field constructed from the survey and slow survey data, respectively. For the electric field spectrogram, the local lower-hybrid frequency is
indicated by the black line.
ferred to as the “omnidirectional PSD”), with the electron gy-
rofrequency fce indicated. Over most of the interval shown
there are emissions below about 0.5 fce both in E and B,
but with a tendency for larger power spectral densities as-
sociated with the jets. This is consistent with the findings
of Gunell et al. (2014), who interpreted these emissions as
electron whistler waves. However, we can note that there are
also some weak electrostatic oscillations extending above the
electron gyrofrequency for jet no. 2.
Figure 6d–e show omnidirectional spectrograms con-
structed from the waveform data of E and B. There are in-
creases in the power spectral density at and below the hy-
drogen lower hybrid frequency for E, and also for B, partic-
ularly at lower frequencies. The levels of wave activity are
higher close to the jets, in particular at the edges of the jets.
Again, the behaviour is similar to that reported by Gunell
et al. (2014).
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Figure 7. Low-frequency wave activity. From top to bottom: dynamic pressure, absolute value of magnetic field, and magnetic and electric
field components. For all panels (except the top one) the DC component has been removed by subtracting a 25 s running average.
Figure 6 indicates that there is considerable wave activity
at frequencies close to and below 1 Hz. In order to study this
in more detail, we plot in Fig. 7 the electric and magnetic
field wave forms in the frequency range 0.04–8 Hz, for the
time interval 09:25–10:30 UTC. The upper frequency limit
is given by the magnetic field sampling rate. The lower limit
is chosen to suppress the DC component, and is implemented
by the subtraction of a sliding window average. The electric
field is also resampled to the 8 Hz magnetic field sampling
rate.
Inside the quasi-parallel magnetosheath, at approximately
09:37–10:00 UTC, there is a general weak increase in the
www.ann-geophys.net/36/655/2018/ Ann. Geophys., 36, 655–677, 2018
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fluctuations in the magnetic field, with a compressional com-
ponent. The fluctuation level is markedly increased inside jet
no. 1 and at the leading edge of jet no. 2. Clear increases can
be seen also at around 09:55 UTC, where a small increase
in the dynamic pressure is observed, and collocated with jet
no. 3, although this is outside of the general quasi-parallel
magnetosheath region. The electric field shows a similar be-
haviour.
A more detailed look at jet no. 1 in Fig. 8a shows quasi-
periodic oscillations in B and E, without any appreciable
phase shifts between the two fields. As a consequence, the
Poynting flux (S) has a relative well-defined direction over
the whole interval, and points in the same general direction
as the plasma flow inside the jet, i.e. with comparable x and
y components.
In Fig. 8b, it is clear that the large-amplitude fluctuations
are concentrated at the leading edge of jet no. 2, where the ion
distribution is more isotropic and similar to the quasi-parallel
magnetosheath. In this region the Poynting flux has a similar
direction to that in jet no. 1, although with somewhat smaller
values. At the trailing edge of the jet, where the ions are more
anisotropic, the fluctuations have a much smaller amplitude.
Finally, in jet no. 3, the fluctuations are similar to those in jet
no. 1 and the leading edge of no. 2. However, the Poynting
flux has an appreciably smaller x component. We therefore
conclude that the Poynting flux within the jets (when it has a
large amplitude) points in the general direction of the plasma
flow within the jets.
3.1.4 Forces acting on the jet plasma
Not much is known about the evolution of magnetosheath
jets, as they move downstream from the bow shock. The
plasma inside the jets may be either accelerated or slowed
down by forces acting on it. The main candidate forces would
be either the j ×B force or the thermal pressure gradient
force, −∇pth. With the MMS spacecraft we can calculate
these forces, which represent fluid effects. (When there is a
large magnetic field gradient, non-fluid effects may be impor-
tant, but away from the magnetopause the fluid effects will
dominate.) Both the pressure gradient and the current den-
sity were calculated by the reciprocal vector method (Vogt
et al., 2008). (For the determination of the current density,
this method is equivalent to the curlometer method; Vogt
et al., 2008.) The result is seen in Fig. 9. For the whole inter-
val, the thermal pressure gradient force dominates the mag-
netic force. The latter is directed in the negative xGSE direc-
tion over most of the quasi-parallel magnetosheath region.
This pressure gradient force is consistent with a large-scale
decrease in pressure as the spacecraft moves towards the bow
shock, apparent when inspecting a larger time interval (not
shown here). Note that some of the variations on a medium
timescale may be of temporal nature. However, closer inves-
tigation would be necessary to exclude a systematic offset,
although it is clear that there is no particular increase or de-
crease in the pressure gradient force associated with the jets.
The same is true for the magnetic force.
3.2 Overview, 23 November 2015
Before we begin to interpret the above observations and com-
pare them to earlier results and theories, we should ask how
typical they are. This is a question that should and will be
addressed by a statistical investigation. In the meantime, we
will present observations from another magnetosheath jet
event (in slightly less detail) to show that the present obser-
vations are mostly not unique to this particular case. We will
do this in the following section.
3.2.1 Velocity, plasma properties, and forces
Figure 10 shows a similar event to the one above. The
observations were made when MMS1 was located at
rGSE = (11.8, 0.9, −0.8) RE. A region characterized by
the suprathermal ions typical of the quasi-parallel magne-
tosheath, seen in panel (e) between around 05:48:30 and
06:37 UTC, contains three regions of increased dynamic
pressure, marked as jets no. 4–6 in panel (a).
Jets no. 5 and 6 have a very well-defined structure, with
an isolated appearance in panel (a), while jet no. 4 is more
complicated, with appreciable substructure. Jets no. 5 and 6
also have a clear density increase, collocated with the Pdyn
increase, and would be classified as fast plasmoids. Jet no. 4
has smaller density increases, which are also less correlated
with Pdyn, and would not be identified as a plasmoid.
Similarly to jet no. 2 of the first event, jet no. 6, which
is located at the trailing edge of the quasi-parallel magne-
tosheath region, is collocated with the boundary between the
quasi-parallel and quasi-perpendicular magnetosheath, and is
associated with a pronounced magnetic field discontinuity. It
has a larger maximum in Pdyn than the other jets of this event,
similar to the event from 14 November 2015. Spanning the
boundary, it also contains two different plasma populations,
with a low ion temperature anisotropy in the leading edge of
the jet, overlapping the quasi-parallel magnetosheath, and a
larger anisotropy in the trailing edge. Inspection of distribu-
tion functions (not shown here) confirms this and shows a
very similar behaviour to that of jet no. 3. While the temper-
ature anisotropy is different in the leading and trailing edge,
the temperature remains low over the whole jet.
Jets no. 4 and 5, however, have a low ion temperature
anisotropy, comparable to the rest of the quasi-parallel mag-
netosheath. Also, for these jets, inspection of distribution
functions show similar isotropic ion distributions as for jets
no. 1 and 2. Jet no. 5 has an ion temperature which is clearly
anti-correlated with the dynamic pressure. For jet no. 4 the
temperature is generally depressed, but it is difficult to see a
detailed anti-correlation with Pdyn.
The forces acting on the plasma are shown in pan-
els (h) and (i) and exhibit a similar behaviour to the first
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Figure 8. Detailed view of low-frequency wave activity for jets no. 1 (a) and jets no. 2 and 3 (b). From top to bottom: dynamic pressure, ion
spectrogram, electric and magnetic fields with the DC component removed as in Fig. 7, and components of the Poynting flux (S), calculated
from the low-frequency electric and magnetic field shown in sub-panels (a3)–(a8) and (b3)–(b8), respectively.
event. The pressure gradient force is acting to break the mag-
netosheath plasma as it moves towards the magnetopause,
with no clear correlation with the jets. There is some small-
scale variation in the magnetic force within the quasi-parallel
magnetosheath region; however, no clear signature related to
the jets can be discerned.
3.2.2 Magnetic field configuration
In Fig. 11c we can see that for this event the velocity is con-
sistently perpendicular to the magnetic field outside of the
quasi-parallel magnetosheath region, while inside it there are
large variations of the ratio vi,⊥
vi
. For this event, there is a
clear correlation between the dynamic pressure of jet no. 5
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Figure 9. Forces on the jet plasma. From top to bottom: dynamic pressure, magnetic field, ion spectrogram, total thermal pressure for
satellites 1–4, negative of the gradient of the total pressure, and the magnetic force j ×B.
and a clear decrease in vi,⊥
vi
. For jet no. 6, the leading part is
associated with a larger parallel velocity component than the
trailing edge, where the velocity is purely perpendicular. For
jet no. 3 no clear pattern can be discerned.
Jet no. 6 is clearly associated with a magnetic field dis-
continuity (Fig. 11d–g), which is collocated with the leading
part of the jet and extends until the maximum in Pdyn (and
the ion velocity). The other jets are not associated with any
magnetic field discontinuity.
Both jet no. 5 and 6 are associated with a relatively clear
increase in the magnetic field magnitude (Fig. 11g), while it
is difficult to see any clear correlation for jet no. 4.
3.2.3 Waves
From Fig. 12a, we can see that there are emissions asso-
ciated with the jets, which are likely associated with elec-
tron whistler waves (panels a2–a3) and lower hybrid waves
(panel a4). In addition, however, there are strong electrostatic
emissions extending up to a few kilohertz, far above the elec-
tron gyrofrequency (panel a2).
In Fig. 12b we see a similar behaviour as for the first event;
large-amplitude, low-frequency variations in E, and B with
the largest Poynting fluxes collocated with the jets. Jet no. 4,
with the smallest Pdyn, also has the smallest Poynting fluxes.
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Figure 10. Overview of MMS1 measurements in the magnetosheath on 23 November 2015. From top to bottom are shown dynamic pres-
sure, magnetic field B, ion velocity vi, ion and electron density (ni and ne), omnidirectional ion differential energy flux, ion and electron
temperatures (Ti, Te), ion temperature anisotropy (Tiperp/Tipar), negative of the gradient of the total pressure, and the magnetic force j ×B.
Three localized increases in dynamic pressure have been marked as jets no. 4–6.
For jet no. 5, with a velocity mainly in the negative x direc-
tion, S also points mainly in the x direction. There is also
an appreciable Poynting flux in the y and z directions, but
it is distributed about equally in the two directions. For jet
no. 4, which has an appreciable vy component, the Poynt-
ing flux is also more directed in the y direction. This be-
haviour is again consistent with a dominating emission of
low-frequency waves in the same direction as the flow direc-
tion of the jets.
Some of the properties of jets no. 1–6 are summarized in
Table 1.
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Figure 11. Magnetic configuration for jets on 23 November 2015, in the same format as Fig. 5.
4 Interpretation and discussion
From Figs. 1b and 10 it appears that we have observed two
quite distinctly different types of magnetosheath jets. Jets
no. 2 and 6 are collocated with a magnetic field discontinuity
that marks the boundary between the quasi-parallel and the
quasi-perpendicular magnetosheath. Spanning this boundary,
they contain two separate plasma populations corresponding
to the two different magnetosheath regions. These jets have a
higher dynamic pressure than that of the jets found inside the
quasi-parallel magnetosheath, which is consistent with the
findings of Archer et al. (2012) and the recent investigation
of Plaschke et al. (2017).
Jets no. 1, 4, and 5, however, are embedded within the
quasi-parallel magnetosheath and are not clearly associated
with any magnetic field discontinuity. They contain only one
type of plasma population, with an isotropic ion tempera-
ture, similar to that of the surrounding quasi-parallel mag-
netosheath.
Jet no. 3, which has likely interacted with the magne-
topause, has similar properties to that of jets no. 1, 4, and 5,
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Figure 12. (a) High- and medium-frequency wave activity on 23 November 2015 in the same format as Fig. 6. (b) Low-frequency wave
activity for the same time interval as in (a), and in the same format as Fig. 8.
but has a larger ion temperature anisotropy. We will briefly
discuss this jet further below.
The different properties of the two types of jets may point
to different generation mechanisms. We will first discuss the
jets associated with a magnetic field discontinuity.
4.1 Discontinuity-related jets
Jets associated with magnetic field discontinuities have been
suggested by Archer et al. (2012) to be generated when solar
wind magnetic discontinuities interact with the bow shock.
This was based on results from 1- and 2-dimensional hybrid
simulations (Lin et al., 1996a, b), where the interaction of a
rotational discontinuity with the bow shock resulted in den-
sity increases collocated with increased plasma flow velocity.
Together they constitute a pulse in the dynamic pressure. The
increased flow velocity was produced via acceleration by the
kinked magnetic fields resulting from the interaction between
the rotational discontinuity and the bow shock.
There are, however, a few problems with applying the re-
sults of Lin et al. (1996a, b) to magnetosheath jets no. 2
and 6. First of all, the simulations produce structures which
are very extended in the direction perpendicular to the mag-
netosheath flow. While the spacecraft separation of MMS is
too small to determine the spatial scale of the jets, Archer
et al. (2012) report scale sizes of 0.2–0.5 RE perpendicular
to the average flow for jets associated with magnetic field
discontinuities, and it is likely that the jets in this study have
similar scale sizes. Plaschke et al. (2016) report on a me-
dian jet scale size perpendicular to the propagation direction
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Ti,⊥/Ti,‖ Interacted B-field Field-aligned Smax
(nPa) with MP discontinuity flow (µW m−2)
1 2.3 6.4 0.8–1.1 No No No 48
2 3.2 8.9 Leading edge: 1.0 No Yes No 36
Trailing edge: 1.2–1.5
3 1.5 4.2 1.2–1.6 Yes No No 19
4 0.8 4.0 0.9–1.4 No No No 14
5 1.4 7.0 0.8–1.1 No No Yes 19
6 2.1 10.5 Leading edge: 1.0 No Yes No 31
Trailing edge: 1.4
of 0.9 RE, although in their statistics jets with or without an
association with a magnetic field discontinuity are not sepa-
rated. These results, however, make it likely that jets at dis-
continuities have a limited perpendicular extension.
Furthermore, the pressure pulses of Lin et al. (1996b) have
an anti-correlation between Pdyn and |B|, which is not con-
sistent with the behaviour of jets no. 2 and 6. Finally, the
velocity increase in the simulations is mainly in the direc-
tion tangential to the bow shock surface, again in contra-
diction with the observed jets, which have their velocity in-
crease mainly in the anti-sunward direction. The latter prob-
lem could, however, be partly resolved by considering mag-
netic field discontinuities with a normal not directed along
the x axis, but at some angle to that direction.
Lin et al. (1996b), however, report on another interesting
phenomenon. When an interplanetary discontinuity is asso-
ciated with a change of the bow shock configuration from
quasi-parallel to quasi-perpendicular, the remaining fore-
shock plasma will be compressed against the now quasi-
perpendicular shock, and create a fast wave structure which
will penetrate the bow shock. This fast wave structure will
have a positive correlation between density and magnetic
field and can catch up with the discontinuity further down-
stream of the shock, and possibly coalesce into a single struc-
ture (although it is unclear if the very sharp boundary be-
tween the two plasma populations within the jet would be
retained in such a process). Since the foreshock already pos-
sesses small-scale variation in magnetic field and density
with scale sizes of 0.2–3 RE (e.g. Schwartz and Burgess,
1991; Lucek et al., 2002), this could explain the limited ex-
tent of the jets. The higher velocity of the discontinuity jet
compared to non-discontinuity-related jets would here be due
to the higher velocity of the fast wave structure. A similar
scenario was suggested by Dmitriev and Suvorova (2012). A
schematic of this and the following scenarios can be found in
Fig. 13 (panel a for this case).
This scenario could be tested by observations closer to the
bow shock than those reported here. It also predicts that large
increases in Pdyn should be more common at the trailing edge
of a quasi-parallel magnetosheath region (where there is a
change from a quasi-parallel to a quasi-perpendicular mag-
netosheath). While the two cases presented here are consis-
tent with that prediction, Archer and Horbury (2013) and
Plaschke et al. (2017) report on the largest Pdyn located at
the leading edge of the quasi-parallel magnetosheath. Fur-
thermore, Plaschke et al. (2017) report on small-scale dis-
continuities at the leading edge of such a jet. It is unclear if
these small-scale structures are important in understanding
the jet formation, if they are created after it is formed, or if
they are created in the foreshock and are advected by the jet
plasma flow. In the latter cases their main importance will
be in affecting the jet interaction with the magnetopause, as
suggested by Plaschke et al. (2017). Obviously, more statisti-
cal investigations are needed, in particular with further burst
measurements.
A remaining difficulty with this scenario is that jets no. 2
and 6 are associated with a clear decrease in both the per-
pendicular and parallel ion temperature. It is difficult to ex-
plain this other than as a signature of solar wind or fore-
shock plasma that is less processed by passing through the
bow shock than the rest of the magnetosheath. This is one
of the main predictions of the mechanism proposed by Hi-
etala et al. (2009, 2012) and Hietala and Plaschke (2013).
The temperature decrease is also the reason why solar wind
interaction with hot flow anomalies is also an unlikely gener-
ation mechanism for these jets, as pointed out by Archer et al.
(2012). The interaction of the discontinuity with bow shock
corrugations also imposes a scale size of the order of 1 RE in
the direction perpendicular to the jet velocity (Hietala et al.,
2009).
The above scenario therefore needs to include an inter-
action with the bow shock according to the Hietala model,
where the jet will pass the bow shock at local indentations,
allowing the plasma to pass with much less deceleration and
heating than the surrounding solar wind plasma. This is an
alternative way of imposing a jet scale size perpendicular to
the flow (see Fig. 13b).
Additional acceleration of the jet plasma could also con-
ceivably result if the primed, stretched magnetic field lines,
produced by the interaction of the discontinuity with the bow
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shock, could be turned around and be more aligned with the
Sun–Earth line. One way this could happen is if part of the
stretched field structure passes through a bow shock corru-
gation, and if the original normal to the discontinuity al-
ready has some angle to the x direction. The j ×B force
observations show that there is no clear increase in the mag-
netic force associated with jets no. 2 and 6. Since the jets are
observed close to the magnetopause, however, the magnetic
field tension may already have been spent. The increases in
magnetic field and density may come about because the flow
may contain a low-amplitude SLAMS, which has a small
enough phase velocity that it convects with the solar wind
flow, as has been suggested by Karlsson et al. (2015b). This
configuration is obviously rather complicated and is maybe
less likely. However, a future test will be to investigate the
magnetic force at jets of this type closer to the bow shock.
This scenario is illustrated in Fig. 13c.
4.2 Non-discontinuity-related jets
Turning to jets no. 1, 4, and 5, none of these are associated
with a clear magnetic field discontinuity, or with a clear parti-
cle boundary. In that sense they are consistent with the model
proposed by Hietala et al. (2009), which postulated that jets
may be generated during times of a steady IMF, behind the
quasi-parallel bow shock. Also consistent with this mecha-
nism is the lower ion temperatures associated with these jets.
Jet no. 5 has a very well-defined shape with clear corre-
lations between vi, ni, and B, whereas jets no. 1 and no. 4
exhibit more structure in vi, and no correlations with B. Jet
no. 1 has a clear correlation between vi and ni, while no
clear correlations can be seen for jet no. 4. These different
behaviours may be related to slightly different scenarios as-
sociated with the Hietala model. If the jet is associated with a
single, rather isolated inclined portion of the magnetosheath,
as in Fig. 13d, a single, well-defined jet will result. The clear
increases in magnetic field and density may again be related
to a low-amplitude SLAMS, convecting with the solar wind
flow (Karlsson et al., 2015b).
An alternative scenario producing an increased plasma
density and magnetic field strength is the focusing of fast
plasma associated with a concave bow shock corrugation
(Fig. 13e). Such a configuration may produce a local veloc-
ity minimum in the centre of the jet. Intriguingly jet no. 1
has just such a minimum in its centre. The association with
this mechanism is, however, rather speculative, since the jet
is located far downtail of the bow shock and has no clear
associated magnetic field signature.
We also note that, in contrast, a convex corrugation would
produce diverging plasma flows (Fig. 13f). A combination
of several corrugations, both concave and convex, adjacently
located on the bow shock may produce a region of several
maxima in plasma flow, with and without associated density
and magnetic field increases, such as the appearance of jet
no. 4.
Jets no. 1, 4, and 5 all contain a plasma with isotropic ion
temperatures, similar to the surrounding quasi-parallel mag-
netosheath plasma, but cooler. This is consistent with the
results reported by Plaschke et al. (2013) and Archer et al.
(2012), and again shows that the jets contain less processed
solar wind plasma than the surrounding magnetosheath, and
that they are also not subject to any anisotropic heating as
they travel downstream.
Jet no. 3, however, contains a cool plasma with a pro-
nounced temperature anisotropy. The anisotropy is due to an
increased perpendicular temperature, although not as high as
in the surrounding quasi-perpendicular magnetosheath. It is
likely that this perpendicular heating is associated with an
interaction of the jet with the magnetopause. The anisotropic
temperature may be due to a compression of the jet plasma,
with associated adiabatic heating (see Lemaire, 1985; Roth,
1992; Voitcu and Echim, 2017).
4.3 Magnetic field configuration
Plaschke et al. (2017) have recently reported that jets may
modify the magnetosheath magnetic field, stretching it out
so that it becomes more aligned with the jet propagation
direction. This has also been predicted in simulations by
Karimabadi et al. (2014). We see little evidence of that here,
except for in jet no. 5 where the ion flow becomes almost
parallel to the magnetic field. There may be some logic to
this: the magnetic signature of jets no. 2 and 6 is perhaps
mostly determined by the discontinuity, jet no. 4 has a more
complicated morphology, and jet no. 3 has suffered the com-
plication of interacting with the magnetopause. Jet no. 5 has
a clear and well-defined velocity increase, which may give
a clear signature of frozen-in field lines aligned with the
plasma flow. Jet no. 1 has a smaller velocity increase with
respect to the surrounding plasma than jet no. 5, and may
therefore not show a clear alignment of the field and the jet
plasma flow direction. This subject warrants further study,
since the magnetic field associated with a jet may be impor-
tant for its magnetospheric consequences. The local varia-
tion in the magnetic field and plasma β may, for example,
trigger local reconnection when the jet encounters the mag-
netopause.
4.4 Wave emissions
For both dates examined, we observe several kinds of wave
emissions. There are increased spectral densities at and be-
low the local lower hybrid frequency, mainly in the electric
field. The emissions are seen both inside and outside of the
jets, but with a generally increased amplitude inside of them,
in particular for jets no. 3 and 5, and the leading parts of
jets no. 2 and 6. This is consistent with the reports of lower-
hybrid wave emissions by Gunell et al. (2014), and we note
that the values of the power spectral densities are compara-
ble.
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(a) FW with pre-existing small scales (c) RD and SLAMS interacting with 
      BS corrugation 
(b) FW interacting with BS corrugation 
(d) SLAMS interacting with single BS 
corrugation 
(e) Solar wind interaction with concave BS 
corrugations 
(f) Solar wind interaction with convex BS 
corrugation 
(Lin et al., 1996b; Schwartz and Burgess, 1991; 
Lucek et al., 2002; Archer et al., 2012) (Lin et al., 1996b; Hietala et al., 2009, 2012) (Lin et al., 1996b; Archer et al., 2012; Karlsson et al., 2015) 
(Hietala et al., 2009, 2012, Karlsson et al., 2015) (Hietala et al., 2009, 2012) (Hietala et al., 2009, 2012) 
Figure 13. Six different scenarios for formation of the jets in this paper. FW= fast wave, BS= bow shock, RD= rotational discontinuity; t1
and t2 refers to different times. For each scenario the most relevant references are indicated in the respective panels.
Likewise, emissions at a few tens of percent of the local
electron gyrofrequency, for both E and B, were reported by
the same authors, who interpreted them as whistler mode
waves, based also on their propagation properties. Our ob-
servations are again consistent, as far as we can tell without
the phase information.
Gunell et al. (2014) estimated electric and magnetic field
energy densities associated with these waves, and found them
in general to be lower than 10−12 Jm−3. Since this is several
orders of magnitudes smaller than the kinetic energy density
(which is half of the dynamic pressure) of the jets reported
on here, we conclude that the generation of such wave energy
densities has no importance for the dynamics of the jets. For
electromagnetic waves, however, more relevant is the amount
of Poynting flux leaving the jet. No spectral phase informa-
tion is available, but we can get an upper limit of the Poynting
flux by assuming that all electric and magnetic field oscilla-








where PE and PB are the electric and magnetic field power
spectral densities, and f is the frequency, and we integrate
over frequencies with assumed whistler waves. An estimate
of S for jet no. 1 then yields S ≤ 5× 10−8 W m−2. To get an
upper limit of the energy loss of the jet due to this Poynt-
ing flux we approximate the jet with a cylinder of length
vix,max1t , where vix,max is the maximum ion velocity of the
jet in the x direction, and 1t its approximate lifetime. We
also assume a radius of 1 RE (e.g. Plaschke et al., 2016). As-
suming the estimated Poynting flux is everywhere normal to
the boundary of the surface of the cylinder (to get an upper
estimate) we get a total outflow of electromagnetic energy
of around 2× 107 Js−1. Estimating the total kinetic energy
of the jet by assuming a kinetic energy density of 1 nJm−3,
it would take approximately 22 h to radiate away the same
amount of energy. Since this time is very long compared
to the travel time for the jet to the magnetopause, we con-
clude that radiation losses by these waves are also likely to
be unimportant for the evolution of the jets.
The generation of these waves will not be studied further
here, but will be the subject of future work. However, we
note that Gunell et al. (2014) suggests that the lower-hybrid
waves are generated at the density gradients at the edges of
the jets, and may propagate into the jet. Lower-hybrid wave
generation at density gradients due to the lower hybrid drift
instability is a well-established phenomenon in many differ-
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ent space plasmas (e.g. Huba et al., 1978; Gary and East-
man, 1979; André et al., 2001; Norgren et al., 2012; Karlsson
et al., 2017). We also note that the whistler-type waves occur
in short bursts, similar to the observations by Gunell et al.
(2014), who speculate that this may be due to parallel electric
fields set up at the jet boundary, accelerating electrons which
emit the waves. Observations at higher time resolution may
shed light on this.
A new result here, compared to the study by Gunell et al.
(2014), is the presence of electrostatic emissions extending
above the electron gyrofrequency. The energy densities are
still many orders of magnitude smaller than the kinetic en-
ergy density, so the waves are not energetically important.
We will again defer closer study of these waves to the future,
but we can speculate that they are related to the broadband
electrostatic noise (BEN) observed closed to the bow shock
by, for example, Cattell et al. (2003) and Pickett et al. (2003),
extending to frequencies between the electron cyclotron and
plasma frequencies. The BEN may be non-linear, solitary
structures associated with either ion acoustic or Langmuir
waves.
A further new result is the existence of low-frequency,
quasi-periodic electromagnetic oscillations, with higher am-
plitudes within the jets than in the surrounding quasi-parallel
magnetosheath. Here we have direct observations of Poynt-
ing flux. The highest values of these fluxes are of the or-
der of 50–60 µW m−2, almost 2 orders of magnitude larger
than that of the whistler-like waves. Since the Poynting flux
is closely aligned with the jet propagation direction, we es-
timate the emitted electromagnetic energy by multiplying√
S2x + S
2
y with the surface area of the end of the cylinder
(assuming that it is oriented with its axis parallel to the jet
velocity), with the same dimensions as above. This yields a
value of 8× 109 W, which gives a time of 7 min for radiating
away all the kinetic energy of the jet, if they radiate with a
constant value of the Poynting flux. This is a coarse estimate,
but it shows that the low-frequency waves may be important
to take into account when determining the evolution of the
jets, similar to the results for bursty bulk flows in the inner
magnetosphere (Stawarz et al., 2015).
ULF wave activity in the magnetosheath is often attributed
to convection of waves generated in the foreshock or at
the bow shock (Lucek et al., 2005). The fact that the low-
frequency waves are only present when the jets contain
quasi-parallel magnetosheath-like plasma, and not in the
trailing edges of jets no. 2 and 6, their approximate period
of ∼ 10 s and the large compressional component hint at a
relation to the so-called “10 s waves” (Hoppe and Russell,
1983; Eastwood et al., 2003). These are usually observed in
the upstream foreshock, and are believed to be generated by
an instability associated with diffuse ions in the foreshock
(e.g. Blanco-Cano and Schwartz, 1997; Wilson, 2016).
Diffuse ions are the hot, isotropic part of the suprathermal
ions of the foreshock and quasi-parallel magnetosheath (Tsu-
rutani and Rodriguez, 1981). This is consistent with the in-
creased wave amplitudes associated with the jets, which may
contain relatively unprocessed foreshock plasma. Such a hot
ion distribution can be observed in the ion distribution func-
tion from jet no. 1, which is also associated with the largest
wave amplitudes. In contrast, no sign of a counter-streaming
ion population can be found, which is another source for
ULF waves in the foreshock (Wilson, 2016). Such ion pop-
ulations could conceivably result from a mixing of the jet
plasma and the background magnetosheath plasma, but this
evidently does not take place here.
If the diffuse ions are responsible for the generation of the
low-frequency waves in the jets, the waves will not dissipate
the kinetic energy of the jets, and may not influence their
propagation. However, they may play an important role in
thermalizing the magnetosheath plasma associated with jets.
4.5 Forces
We have already discussed the fact that no clear signature
in the magnetic force could be found for the jets associated
with the magnetic field discontinuities. No such signatures
can be seen for any of the other jets either. The same is true
for the thermal pressure gradients. We conclude that for the
jets studied here, no appreciable acceleration or braking due
to such forces take place close to the magnetopause. This is
in contrast to forces acting on fast flows (bursty bulk flows)
in the magnetotail, where Karlsson et al. (2015a) showed that
the magnetic force brakes the bursty bulk flow plasma in the
inner magnetosphere, while further downtail there is an ac-
celeration due to the magnetic field tension force. An ongo-
ing investigation of MMS measurements of bursty bulk flows
also shows that localized ion thermal pressure gradients may
brake the bursty bulk flows in the inner magnetosphere, in
contrast to what the case is here.
5 Summary and conclusions
We have used MMS data to carry out a detailed analysis of
the large- and meso-scale properties of magnetosheath jets
with a modern suite of plasma instruments, based on the cur-
rent understanding of such jets. We have studied six different
magnetosheath jets during two time periods in November,
2015, and have made the following conclusions:
1. We have found that there are at least two distinct types
of jets, with some clearly different properties.
a. Two of the jets are associated with a magnetic field
discontinuity and straddle the boundary between
the quasi-parallel and quasi-perpendicular magne-
tosheath. The different parts of the jets, therefore,
contain different plasma populations: one isotropic
ion population and another with a larger ion tem-
perature anisotropy. Both ion populations are, how-
ever, cooler than the surrounding magnetosheath
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plasma. This type of jet had a larger maximal dy-
namic pressure than the second type, and although
it may be more rare than the second one, it may
therefore have a greater impact on the magne-
topause interaction. The dynamic pressure is corre-
lated with both velocity and density, as well as with
magnetic field strength.
b. The second type is found embedded within the
quasi-parallel magnetosheath, has no clear associ-
ation with a magnetic field discontinuity, and con-
tains a plasma with an isotropic ion distribution
similar to the surrounding plasma but considerably
cooler. This type of jet can either have a simple,
well-defined structure, in which case it has a clear
correlation with increases in plasma density and
magnetic field strength, or a more complicated mor-
phology, with a more unclear relation to density and
magnetic field increases.
One jet that contained a quasi-parallel magnetosheath
ion population, and therefore probably was an ex-
ample of the second type, was found outside of the
quasi-parallel magnetosheath. It is likely to have inter-
acted with the magnetopause, and showed a weak ion
anisotropy, possibly as the result of adiabatic heating.
2. All the jets studied here were associated with medium-
and high-frequency wave emissions in the lower hybrid
and whistler frequency ranges, as well as broadband
electrostatic waves. None of these wave emissions were
found to be energetically important, and they are there-
fore not likely to affect the evolution of the jets.
3. The isotropic ion populations within the jets were found
to be associated with low-frequency electromagnetic
waves with a compressional component. These waves
had a Poynting flux of up to 40 µW m−2 and may be
energetically important, depending on their generation
mechanism.
4. A majority of the jets showed no clear field-aligned flow
of the type reported by Plaschke et al. (2017) and found
in simulations by Karimabadi et al. (2014), with the ex-
ception of jet no. 5.
5. No clear signatures of magnetic or thermal pressure gra-
dient forces were seen in association with the magne-
tosheath jets investigated here.
We have suggested that the two different types of jets are
associated with different generation mechanisms, and have
discussed different scenarios for their creation. The different
nature of these types of jets suggests that future simulations
and modelling of jets should address both types. In particular,
3-dimensional simulations may reveal new insights into the
jet generation mechanisms for both types of jets. Likewise,
separating the two different types in future statistical studies
may help to reveal further differences in their properties, such
as scale sizes, occurrence, geoeffectiveness (Plaschke et al.,
2016), etc.
The wave emissions associated with the jets will be the
subject of future study, in particular the role of the low-
frequency waves, both in terms of affecting the evolution of
the jets, and influence on the magnetopause. Also, the rela-
tion between the flow velocity of the jets and the magnetic
field configuration, where no consistent picture has emerged,
will have to be the subject of further study. This may be of
importance for the way magnetic forces may influence the
dynamics of the jets in the magnetosheath, and the interac-
tion of the jets with the magnetopause.
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